Some immune system disorders, such as type 1 diabetes, multiple sclerosis (MS), and rheumatoid arthritis (RA), share common features: the presence of autoantibodies and self-reactive T-cells, and a genetic association with the major histocompatibility complex. We have previously published evidence, from 1,708 families, for linkage and association of a haplotype of three markers in the D18S487 region of chromosome 18q21 with type 1 diabetes. Here, the three markers were typed in an independent set of 627 families and, although there was evidence for linkage (maximum logarithm of odds score ). Collectively, these data suggest that a locus (or loci) exists on human chromosome 18q12-q21 that influences multiple autoimmune diseases and that this association might be conserved between species.
s much as 5% of the population suffers from autoimmune disease, a failure of the homeostatic regulation of the immune system to prevent tissue damage and maintain self-tolerance. Predisposition to autoimmune disease is universally associated with alleles of the major histocompatibility complex (MHC) genes on chromosome 6p21 (1) . However, the MHC is not sufficient to explain disease occurrence, and non-MHC susceptibility genes are predicted. In type 1 diabetes in humans, the evidence for non-MHC genes is incomplete (2, 3) , owing to the small, statistically underpowered data sets analyzed so far. In rodent models of disease, however, the existence and location of several non-MHC loci are established (1) . It has also been shown in humans and mice that autoimmunity loci, mapped in a variety of autoimmune disease models, including those for type 1 diabetes and multiple sclerosis (MS), cluster significantly (1, 4, 5) . Furthermore, congenic strains conclusively show that Idd3, a mouse non-MHC type 1 diabetes susceptibility locus, also influences susceptibility to experimental allergic encephalomyelitis (EAE), a model of MS (6) , and iddm4 in rats may be a universal autoimmunity locus (7) . In addition to the well-established linkage and association of the MHC region to multiple autoimmune phenotypes, the CTLA-4 gene locus on human chromosome 2 has been reported to be either linked or associated with type 1 diabetes, Graves' disease, and MS (8) (9) (10) .
Previously, we reported some positive evidence of linkage (P = 0.005) and association (P c = 0.01) of diabetes to chromosome 18q21 in the vicinity of D18S487 (provisionally designated IDDM6) (11) (12) (13) . In the present study, we were unable to replicate the D18S487 association result, but we have consolidated evidence of linkage of the region to type 1 diabetes by analysis of 882 families and by metaanalyses of other linkage studies of a variety of autoimmune diseases in humans and rodents. Finally, a large family-based study suggests that the human deleted in colorectal carcinoma (DCC) gene region of chromosome 18q21 is associated with autoimmune disease.
RESEARCH DESIGN AND METHODS
Families with type 1 diabetes, MS, and rheumatoid arthritis. The families used for the association analysis were white European or European-derived with both parents and at least one affected sibling per family. The 2,359 type 1 diabetic families are summarized in Table 1 . In the Sardinian, Finnish, Canadian, and Italian data sets, ages of diagnoses were <17 years, <15 years, <18 years, and <29 years, respectively. Table 1 summarizes the composition of the 1,708-family diabetes data set (13) , the independent 627 families studied here, and the combined 2,335 and 2,359 families.
The 229 Sardinian MS families have been previously described (18) . The 667 U.K. simplex MS families had a clinical diagnosis of disease based on the Poser criteria (19) . The 125-family U.K. rheumatoid arthritis (RA) data set consisted of simplex and multiplex families, and all cases satisfied the 1987 American College of Rheumatology criteria for disease and were recruited from the Arthritis Research Campaign Epidemiology Unit in Manchester University and the Rheumatology Department at the Nuffield Orthopaedic Centre in Oxford. Healthy siblings were collected in all data sets except the U.K. MS families. In all cases, sample collection was approved by the appropriate institutional review board. The total 3,380-family autoimmune data set comprised the 2,359 type 1 diabetes families, 896 MS families, and 125 RA families.
The 882 affected sib-pair pedigrees available to us that were tested for linkage to disease consisted of 415 of the 423 U.K. families used in the association study, 284 U.S. families including the 241 used in the association study, 58 Italian families of which 57 were used in the association study, 54 of the 55 Danish multiplex families, 32 Finnish affected sib-pair families including the 24 used in the association study, and 39 Norwegian multiplex families from the previously described 420 families. Microsatellite marker isolation and genotyping. With use of polymerase chain reaction (PCR) primers for DCC exons 19 and 29 (exon 29 is the 3Ј exon of DCC) (20) , HPAC 88_h_2 and HBAC 55_g_22, respectively, were isolated from the De Jong libraries (ResGen). HBAC 55_g_22 is telomeric to HPAC 88_h_2. Microsatellite marker 88,21 was cloned from HPAC 88_h_2 and marker 55,26 from HBAC 55_g_22 using a previously described PCR-based method (13) . Primer sequences for amplifying 88,21 are CTGA CAAAACTGGGACTACCTTCC and GAATACATCTCCGTATTTGCATC and for 55,26 are GGCTAGTGGTTGCCGTATTATAC and AAATCTCAGCATGTCAGT GAA. Primer sequences for amplifying other microsatellite markers either have been published elsewhere (12, 13) or are available from http://www.gdb.org. Genotyping PCRs using fluorescently labeled primers were performed and analyzed as described previously (21) . Haplotypes are given with the marker genotypes in centromeric to telomeric order. Comparative mapping. Human, mouse, and rat chromosome 18 orthology relationships were established using www3.ncbi.nlm.nih.gov/Homology, www.informatics.jax.org/searches/oxfordgrid_form.shtml, www.nih.gov/niams/ scientific/ratgbase, www.otsuka.genome.ad.jp/ ratmap, and www.well.ox.ac.uk/ bihoreau. Distances along human chromosome 18 were taken from a combination of www.cedar.genetics.soton.ac.uk/pub and www.genethon.fr, along mouse chromosome 18 from www. informatics.jax.org, and along rat chromosome 18 from www.well.ox.ac.uk/~bihoreau and waldo.wi.mit.edu/ rat/public/. Meta-analysis: Fisher's method. When there is no justification for assuming a common population variance between genome scans for linkage to differing autoimmune phenotypes in differing rodent strains and differing human populations, the only common measure that can form the basis for combination is the P value (22) . The sum of (-2log e P) probability values from m independent tests of linkage is a 2 statistic with 2m degrees of freedom (df) (23) . Under the null hypothesis of no linkage of a region to disease, observed P values from separate studies have a uniform distribution regardless of the test statistic used or the distribution from which they arise (24) . Thus, Fisher's method is appropriate even when considering studies that exhibit heterogeneity in the phenotype measured and test statistics used. Chromosome 18 
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data used here for the meta-analyses were derived from whole genome-wide scans and were obtained either directly from publications or from the corresponding author. P values were either published values or, when not presented, were determined as follows. For rodents, P values were calculated by a 2 test of heterogeneity between affected and unaffected animals or, if unaffected animals were not genotyped, were calculated by a 2 test of heterogeneity against the hypothesis of no linkage. For humans, P values were calculated for maximum logarithm-of-odds scores (MLS) and Z scores. If necessary, logarithm of odds scores were converted into 2 (1df) statistics by multiplication by a factor of 4.6 (25) and the resulting P value included in the analysis. Autoimmune phenotypes that were characterized by both inflammation and association and/or linkage to the HLA region were analyzed. Where more than one scan was reported for a rodent autoimmune disease model, to reduce heterogeneity we chose the most consistently used end-point phenotype for each model. For type 1 diabetes, this end point was elevated urinary glucose levels, paralysis for EAE, swelling and erythema in joints for arthritis, and nephritis (which causes death) for systemic lupus erythematosus (SLE). Genome scans examining associated phenotypes (insulitis in diabetes and factors influencing autoantibody production, for example) were excluded. For two rat arthritis scans (26, 27) , which assessed linkage to severity of disease, data from severely affected animals were used and P values calculated by a 2 test of heterogeneity against the null hypothesis of no linkage to arthritis. For the (BB ϫ BN)F2 data (28, 29) , animals with a maximal arthritis score (MAS) >33 were compared, using a 2 test for linkage, to animals with MAS <3. In two reports (30, 31) , a two-stage genotyping strategy was used requiring markers showing suggestive linkage to disease in an initial panel of animals to be genotyped over a second panel of animals; in the analysis presented here, data from the first panel of animals only were used. Data from the scans of Butterfield et al. (32) and Yang et al. (33) were analyzed using a 2 test for linkage to disease susceptibility. In the (BB ϫ WF)F1 ϫ BB rat backcross, linkage of diabetes to chromosome 18 was not reported owing to the relative paucity of available polymorphic markers but tested here by a 2 test of heterogeneity between affected and unaffected animals using data obtained from the corresponding author (34) .
To meta-analyze linkage of the entire length of chromosome 18 to autoimmunity, the rodent and human chromosomes were divided into 10-cM intervals and P values combined as described above to yield a total P value for each of human and rodent (Tables 2 and 3 ). The -(log 10 ) of these values were plotted at intervals of 10 cM (Fig. 2 ). Only scans with at least three markers, each in separate intervals of 10 cM, along the chromosome length were included. Six genome-wide scans (77) (78) (79) (80) (81) (82) were excluded on this criterion. Scans in which partial data only were available for chromosome 18 (83-85) were excluded from 0.01 *Number of animals analyzed; †phenotypes were orchitis, colitis, uveoretinitis, and sialadenitis, respectively. M, mouse; R, rat.
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this analysis (the first two publications reported positive linkage of the 40-to 50-cM portion of rat chromosome 18 to type 1 diabetes [P = 0.004 and 0.045, respectively] and the third reported positive linkage of chromosome 18q21 to Graves' disease [P = 3 ϫ 10 -4 ], but linkage data for other chromosome 18 markers were not available). When no chromosome 18 data were available either in the published paper or by request (36, 59) , P = 1.0 was included in each 10-cM window and 2 df added to each final 2 statistic. Where a scan included no marker in a particular 10-cM window, no data were included for that window and no degrees of freedom added to the total 2 statistic. Meta-analysis: permutation method. A simulation/permutation method was used to additionally evaluate the pointwise significance of the test statistic obtained using Fisher's method. Test statistics at a single location were constructed using data from Tables 2 and 3, in 10 4 (for human) or 10 6 (for rodent) replicates. In each replicate, the P value contribution from a single study was chosen at random from the n possible contributions for that study at the n different locations (n = 6 for rodent and 13 for human). The P values from the m studies were combined using Fisher's method to give an overall test statistic for that replicate. Comparison of the observed Fisher's test statistic to that obtained using simulation allows an empirical P value for the observed statistic to be calculated. The -(log 10 ) of these values were plotted at intervals of 10 cM (Fig. 3) . This method relies on the assumption that at most locations, there is no linkage to disease. If a high proportion of the locations is, in fact, linked to disease, this method would give a conservative estimate of the empirical P value. Thus, in the case of the rodent meta-analysis in which there was a reasonable expectation of linkage of the 40-to 50-cM bin to disease ( Fig. 2A) , P values from the other five bins only (0-40 cM and 50 cM telomere) were used for a second permutation. The method would be anticonservative if the number of studies with missing information (in which the P value contribution was set to 1.0) was significantly smaller at the test location than at a random location. In our analyses, the test locations with higher Fisher's combined statistics did not have significantly fewer missing P values than other locations.
Genome search meta-analysis method. The genome search meta-analysis (GSMA) method (86) can be applied to a wide range of study designs and to studies that differ in family ascertainment, population sampled, phenotype definition, markers genotyped, and analysis method used. The method requires ranking the results (test statistics or P values) at n bins within each study. The test statistic at each location is the sum (over m studies) of the ranks. Ten-cM bins were used, meaning 6 bins for rodent chromosome 18 and 13 bins for human chromosome 18. The exact distribution of the ranked statistic may be calculated (86) . The -(log 10 ) of the P values were plotted at intervals of 10 cM along rodent and human chromosome 18. Because our analysis was on a specific chromosome rather than from a whole genome scan, and our bins were smaller in length (and thus more correlated) than the recommended 20-cM bins (86) , the significance of the test statistics was also evaluated using a simulation/permutation approach as described above (plotted in Fig. 4) . P values using this method were very similar to theoretical P values. Analysis of allelic association and linkage. Transmission of two-marker haplotypes was assessed from heterozygous parents to both affected and unaffected offspring using the transmission disequilibrium test (TDT) (87) . To take account of the lack of independence (owing to linkage) between siblings in multiplex families and obtain a valid estimate of association, the TDT-based statistic (T sp ) was used (88) . T sp has a 2 (1 df) distribution. When both parents were heterozygous for the same alleles at one marker in the haplotype, the family was removed from the analysis to prevent bias (89) . Any families with missing parental data were also removed from the analysis to eliminate bias either from reconstruction of parental haplotypes or counting transmissions from a single parent (90, 91) . Transmission of haplotypes and T sp were calculated assuming no recombination between 88,21 and 55,26. Percent T is the number of times an allele or haplotype was transmitted from heterozygous parents divided by the total of transmissions plus nontransmissions, expressed as a percentage. To assess linkage disequilibrium between haplotypes, D′ values were calculated (92) . D′ values range from 1 (complete disequilibrium) through 0 (complete equilibrium) to -1 (alleles never found on same haplotype). , and D18S42 were typed in all of the populations except the 39 Norwegian families. A further 11 of the 33 markers were typed in the Danish, Italian, and Norwegian data sets and 13 additional microsatellites were typed in the Finnish and U.S. data sets. All 33 were typed in the U.K. families. Markers were ordered with the Genome Analysis System (http://users.ox.ac.uk/~ayoung/ gas.html). When a physical map existed (13) , it was used to order markers instead. Intermarker distances were calculated using the Aspex software (ftp://lahmed.stanford.edu/pub/aspex/index.html) using all available family material. Multipoint MLS values were produced using Mapmaker/Sibs (ftp://ftp-genome.wi.mit.edu/distribution/software/sibs).
RESULTS
Previously, we cloned and physically mapped 10 microsatellite markers within a 650-kb region surrounding D18S487 on Tables 2 and 3 , respectively, and are -log 10 (P) of total P values represented at the bottom of each table. Separate mouse and rat curves were plotted in Fig. 2A by summing appropriate P values, obtaining a combined P value, and plotting -log 10 (P). The region of synteny to human chromosome 18q12-q21 is marked (↔) on the rodent chromosome 18 curve, and the 18q12-q21 region is marked (↔) on the human chromosome 18 curve.
FIG. 2. Linkage of chromosome 18 to an autoimmune phenotype in (A) rodent and (B) human by Fisher's method of combining P values. Plotted points were taken from
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chromosome 18q21 (13) . In 1,708 families, we showed that a haplotype ("10-2-4") of three of these markers (129, 11-IO43, 56-D18S487) showed some positive evidence of association with type 1 diabetes (P = 2 ϫ 10 -4 ) (13). Here, in an attempt to replicate this association, we typed the three markers in an independent set of 627 type 1 diabetes families and examined transmission of the 10-2-4 haplotype from heterozygous parents to affected offspring. The three-marker haplotype was negatively transmitted in these families (33 T vs. 53 NT), although there was evidence for linkage of the two markers to disease in the 140 multiplex family subset of the 627 (MLS = 1.2, P = 0.02). In the combined 2,335 families, there were 249 T vs. 199 NT (%T = 55.6, P = 0.02). In the context of genome-wide levels of statistical significance for allelic association of P < 5 ϫ 10 -8 (93) , this is highly unlikely to be a true positive. This Bonferroni-based threshold may be too stringent, however, if there is prior evidence of linkage of a chromosome region with disease. We, therefore, reevaluated the evidence of linkage. Not only did we analyze linkage of chromosome 18q in 882 type 1 diabetic sib-pairs, but we also meta-analyzed linkage of the orthologous region of rodent chromosome 18 to type 1 diabetes. First, we typed up to 33 polymorphic microsatellite markers covering a 44-cM region (D18S57 to D18S61) in 882 type 1 diabetes-affected sib-pair pedigrees and tested for linkage to disease (Fig. 1) . There was a peak MLS of 2.2 (s = 1.2; P = 0.001), 3 cM telomeric to D18S487, suggestive evidence for linkage to disease (94) .
On the basis of this result, we sought additional support for the possibility that chromosome 18q21 contains a diabetes gene by meta-analysis of the published evidence for linkage of the orthologous region to type 1 diabetes in rodent models of disease. A 25-cM segment of human chromosome 18q12-q21 is orthologous with an 8-cM segment of mouse chromosome 18, and mouse and rat chromosome 18 are also conserved. Gene order is conserved between SMAD2 (65 cM on human chromosome 18q12.3 and 48 cM on mouse chromosome 18) and FECH (90 cM on human chromosome 18q21.3 and 40 cM on mouse chromosome 18). The content and order of mapped genes is also conserved between mouse and rat chromosome 18 along the entire length, except for Gja1 (which maps at 59 cM on rat chromosome 18 and 29 cM on mouse chromosome 10). Four independent genome scans of rodent type 1 diabetes, with at least three markers along chromosome 18, have been published. The distal portion of rodent chromosome 18 (40-50 cM), orthologous with human chromosome 18q12-q21, showed evidence of linkage to type 1 diabetes (P = 9 ϫ 10 -4
; Table 2 ). Human 18q12-q23 has also been reported as being linked to Graves' disease, SLE, and RA (65, 70, 85) , and the orthologous region on distal rodent chromosome 18 has been linked to EAE (39, 95) , to Theiler's virus-induced demyelination in mouse (a model of MS) (96) , and in the murine model of lupus (45) . To test the hypothesis that the distal end of rodent chromosome 18 and the orthologous region on human chromosome 18q12-q21 was linked to a phenotype of autoimmunity rather than to just a single autoimmune disease such as type 1 diabetes, the meta-analysis was extended to all published genome scans of autoimmune disease, beginning with the rodent model. Scans for linkage in rodent models of type 1 diabetes, EAE, lupus, arthritis, orchitis, gastritis, Tables 2 and 3 
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sialadenitis, and uveoretinitis were available (Table 2 ; Fig. 2A ). Strongest linkage was observed to the 40-to 50-cM portion of chromosome 18 (P = 2 ϫ 10 -8
). When plotted separately, the rat and mouse curves were similar, with linkage peaking in the 40-to 50-cM window for each ( Fig. 2A ; P = 2 ϫ 10 -6 and P = 0.001, respectively). Meta-analysis of human chromosome 18 was then performed on published human autoimmune disease genome scans of type 1 diabetes, inflammatory bowel disease, psoriasis, MS, RA, SLE, and Graves' disease. Peak P = 0.004 was obtained in the chromosome 18q21 region (Table 3 ; Fig. 2B ). Note that three type 1 diabetes studies (2,3,11) were excluded owing to overlap in families used.
Genome scans using families or animal cohorts of small size (Tables 2 and 3 ) may increase the chance of type 1 error owing to the possibility of the respective test statistics not being continuous. Therefore, we repeated the human and rodent analyses excluding the five smallest studies from each. P values by Fisher's method were 0.004 for the 70-to 80-cM bin of human chromosome 18 and 4 ϫ 10 -9 for the 40-to 50-cM bin of rodent chromosome 18. Excluding these studies did not greatly affect the combined statistic.
To further evaluate the significance of the meta-analysisbased linkage obtained using Fisher's method, we applied a simulation method to the data (Fig. 3) . For rodents, P = 2 ϫ 10 -4 (with a reasonable expectation of linkage of the 40-to 50-cM region to disease, this region was excluded from the permutation, P = 0.005 when this region was included) was obtained for linkage of the 40-to 50-cM bin of chromosome 18 to autoimmunity and P = 0.01 for linkage of human chromosome 18q12-q21 to autoimmunity. If any of the other positions used for the permutation are, in fact, linked to disease, then P = 2 ϫ 10 -4 will be a conservative estimate of the empirical level of significance in rodent. The permutation accounts for any residual linkage present on chromosome 18 and indicates that the linkages observed using Fisher's method are unlikely to have occurred owing to chance.
A separate method of meta-analysis, the GSMA method (86) , was applied to the data (Fig. 4) . This analysis supported the results obtained using Fisher's method of combining P values, with linkage observed both to the distal end of rodent chromosome 18 (40-to 50-cM portion, P = 0.03) and the chromosome 18q12-q21 region in humans (70-to 80-cM portion, P = 0.02). Simulated P values were 0.02 and 0.01, respectively (Fig. 4) . The GSMA P values are less significant than the Fisher's P values (Fig. 2) , probably because the GSMA method does not take into account the actual P values obtained in the individual studies.
At this stage of the investigation, we concluded that there was sufficient justification to commence a functional candidate gene approach to finding the disease locus (or loci) in the potentially linked region. As a first step, we chose the DCC gene because it has been well characterized at the genomic level, its product functions in apoptosis (97) , and apoptosis defects can cause autoimmune disease. Using two microsatellite markers (88,21 and 55,26) cloned from within introns of DCC, we tested DCC for association with autoimmunity in the 2,359 type 1 diabetes families (Table 1) , 896 MS families, and 125 RA families (n = 3,380; Table 4 ). A correction factor of 42 takes account of the 38 independent tests done in previous association analyses of the region (12, 13) and the four separate 88,21-55,26 haplotypes tested here. Even if we anticipate 5,000 tests within this 20-cM chromosome 18q region, corrected P would still be <0.05. Association between the 2-10 haplotype and the separate autoimmune phenotypes was also tested (Table 4) . Evidence for association with type 1 diabetes (P = 2 ϫ 10 -4
) and with MS (P = 0.03) but not with RA (P = 0.09) was obtained. Transmission of the 2-10 haplotype to unaffected siblings did not differ from random expectations in the 3,380 families (633 T and 595 NT; % T = 51.5, P = 0.28).
DISCUSSION
A multifaceted approach to study of a non-MHC type 1 diabetes susceptibility locus on chromosome 18q21 that incorporates all currently available clinical resources and data is presented here. On the basis of suggestive evidence for linkage of the chromosome 18q12-q21 region with type 1 diabetes in 882 families ( Fig. 1 ; P = 0.001), a meta-analysis was undertaken providing evidence for linkage of the orthologous region in rodent to type 1 diabetes (P = 9 ϫ 10 -4 ). Evidence for linkage of the same region to an autoimmune phenotype in both rodent and human (P = 2 ϫ 10 -8 and 0.004, respectively, simulated P = 2 ϫ 10 -4 and 0.01, respectively) was obtained by further metaanalyses. Finally, with use of a positional candidate gene approach, association of microsatellite markers within the DCC gene was demonstrated to an autoimmune phenotype in humans (3,380 families, P = 5 ϫ 10 -6
; P c = 2.1 ϫ 10 -4
). The markers within DCC associated with autoimmunity (88,21 and 55,26) are within one megabase of D18S487 (98) , which is part of the three-marker 129, 11-IO43, 56-D18S487 haplotype ("10-2-4") that we had previously found to be weakly associated with type 1 diabetes. The associated 2-10 haplotype of markers 88,21 and 5,26 was not in linkage disequilibrium with any of the five most common haplotypes, including the weakly associated 10-2-4 haplotype, at 129, 11-IO43, 56-D18S487. The D′ values were between -0.19 and 0.21 in the diabetes families. The 10-2-4 haplotype was positively transmitted to affected offspring in the 1,708 families previously studied (T sp = 12.0; P = 5 ϫ 10 -4 ) (13) but was negatively transmitted in the second independent set of 627 type 1 diabetes families studied here (33 T, 53 NT). In contrast, the 2-10 haplotype was associated with disease in both sets of families (P = 0.003 and 0.01, respectively). The results for the 129, 11-IO43, 56-D18S487 markers may represent either a false-positive association, or weaker linkage disequilibrium with the same locus detected by the DCC markers, or a very weak disease association distinct from that detected at DCC.
Our conclusion that there is suggestive evidence supporting association and linkage of human chromosome 18q12-q21 and its orthologue on rat and mouse chromosome 18 with multiple autoimmune phenotypes was reached only when considering the sum of the analyses presented here. Considering the conservation between human, mouse, and rat of association and linkage with autoimmunity, the results presented here are unlikely to be artifactual but rather indicate involvement of one or-more likely-more than one gene on chromosome 18 in susceptibility to autoimmunity. It is important to note that when examining each of the individual analyses in isolation (DCC association study in human and the rodent and human meta-analyses), none provides convincing evidence for involvement of chromosome 18 in autoimmunity-only the type 1 diabetes linkage analysis (Fig. 1) can be considered to provide "stand alone" suggestive evidence. For a number of reasons, however, our finding of possible involvement of chromosome 18 in autoimmune susceptibility is unlikely to be a false positive. P = 2 ϫ 10 -8 for linkage to rodent autoimmunity was obtained in the 40-to 50-cM portion of distal chromosome 18 (Table 2 ; Fig. 2A , empirical P = 2 ϫ 10 -4 ); the separate mouse and rat chromosome 18 meta-analyses were similar (Fig. 2A) ; linkage to rodent autoimmunity was replicated in the 70-to 80-cM orthologous region of human chromosome 18q21 ( Fig. 2B ; Table 3 , P = 0.004; Fig. 3B , empirical P = 0.01). The GSMA method (Fig. 4 ) also supported linkage of the 40-to 50-cM portion of rodent chromosome 18 and 70-to 80-cM portion of human chromosome 18, to autoimmunity (P = 0.03 and 0.02, respectively). In addition, markers within DCC (which maps at 74 cM on human chromosome 18q21) are associated with autoimmune disease (Table 4 ; P = 5 ϫ 10 -6 , P c = 2.1 ϫ 10 -4 ), and there is suggestive evidence for linkage of chromosome 18q21 to type 1 diabetes ( Fig. 1 ; P = 0.001).
Several caveats concerning the meta-analyses need to be discussed. Possibly the most significant problem is the methodology used when combining data from heterogeneous sources. For example, the rodent meta-analysis combined data from backcrosses and intercrosses between 17 and 10 independent mouse and rat crosses, respectively. This represents 22 separate strains, with an unknown number and origin of allele(s) at the putative chromosome 18 autoimmunity locus (or loci). Because of this heterogeneity, to obtain an estimate of the true significance of the combined data, it was necessary to combine P values by Fisher's method (22) , rather than combine raw data. It should be noted that, if possible, it is preferable to combine raw data or parameter estimates; combining P values tends to cause more false-positive results and miss more true-positive loci than other approaches (99, 100) . In addition, we were unable to control for the fact that genome scan data might have higher marker density in regions of interest (for example, IDDM6 may be considered a region of interest in an autoimmune genome scan), thus biasing the meta-analysis. It is not possible to state whether evidence supporting linkage of chromosome 18 to autoimmunity in the meta-analyses reached either suggestive or significant levels; this would require modeling of the meta-analysis methods presented here, in addition to performing a genome-wide meta-analysis. Our study took into account all genome-wide studies irrespective of the significance of the chromosome 18 linkage data. It does not select positive results, as in the work of Becker et al. (4) , and is unlikely to be affected by publication bias of positive results, since the data for chromosome 18 come from whole genome scan studies. We excluded available unpublished data from the following individuals: D. ); and D. Kono and C. Teuscher (personal communication), showing no evidence for linkage of the 40-to 50-cM region of mouse chr 18 to SLE in (BXSB ϫ NZW)F2 (P = 0.93) and to EAE in (SJL/J ϫ B10.S)F1 ϫ B10.S (P = 0.63), respectively. These unpublished data were excluded from our meta-analysis to remove any bias owing to the possibility of preferentially obtaining positive chromosome 18 data over negative data. If these P values were combined (using Fisher's method) with the total P values presented in Table 2 , and published data not included in the chromosome 18 meta-analysis owing to availability of only some chromosome 18 data (see RESEARCH DESIGN AND METHODS), then P for the 40-to 50-cM portion of rodent chromosome 18 would be 7 ϫ 10 -13 . Similarly, adding P = 0.001 from the partial linkage map of chromosome 18 in human diabetes (Fig. 1) , in addition to other partial human chromosome 18 data (85) , to the data presented in Table 3 gives P = 6 ϫ 10 -6 supporting linkage of the 70-to 80-cM portion of human chromosome 18 to autoimmunity.
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Although microsatellites are informative markers for association mapping, their typing in very large data sets is problematic owing to the failure to fully automate allele scoring. Therefore, single nucleotide polymorphisms, because their scoring can be automated in a robust and accurate way, should improve the feasibility of further characterizing the contribution of human chromosome 18 to autoimmune susceptibility. Our results also indicate the importance of animal models in mapping of disease genes. Congenic mapping will allow further investigation of the role of chromosome 18 in rodent autoimmunity.
